Simulation, modeling and characterization of the aluminum ion implantation in 4H-SiC for large-area photodiode technology have been presented in this paper. Modeling and simulation have been performed using the SRIM and TCAD software EDA environments. Main goals were to present and compare the single vs. multiple ion implantation results as well to develop processes leading to achieve required implantation profiles.
Introduction
Silicon carbide is of considerable interest for the development of optoelectronic and high-temperature devices and is currently perhaps the most promising material for these applications. SiC photodiodes robustness is well known for ultraviolet light detection even in the harsh environment due to high quantum efficiency in a wide UV range, excellent for visible, and blind for the infrared spectral range (excluding UV filters), low dark current and high speed. The 4H (hexagonal) polytype of silicon carbide is the most commonly used for device manufacturing. 4H-SiC has a three times wider band gap, a thermal conductivity 2-3 times higher and a dielectric strength 10 times higher than silicon. This means that the SiC devices can be made smaller, lose less energy, switch faster, work at higher temperatures, and that expensive cooling peripherals become redundant. However, the silicon based process steps are not fully-compatible for the SiC device technology. Especially, doping by diffusion is not possible in SiC. The high diffusion temperatures (around even 2000
• C) make diffusion profiles hardly controllable and difficult to perform, and any application of masking techniques, e.g. used in silicon technology, has not been possible so far [1] [2] [3] .
A promising way to dope the defined regions of SiC seems to be ion implantation in combination with appropriate annealing processes. Due to serious problems related to the annealing of damaged surface after the ion bombardment most of doping implantations have been carried out at target elevated temperature. The most popular acceptor impurities in SiC are aluminum and boron. For making low-resistance ohmic contacts on the devices intended for room temperature operation, the Al implantation is preferred due to its lower carrier ionization energy compared to B (≈ 200 meV for Al vs. * corresponding author; e-mail: akociub@semiconductor.pl ≈ 285 meV for B in 4H polytype) [4] . The ion implantation process for SiC causes crystal damage. High implantation fluences result in formation of an amorphous SiC surface layer [5] . In order to recover the crystal damage and activate the dopants, a high temperature annealing step over 1500
• C is required. Stability of postimplantation dopant annealing reduces the implantationinduced damages and makes aluminum the preferred element to form p-type regions in SiC [6, 7] .
The SiC photodiode structures are usually formed by the implantation process with multiple ion energies and fluences performed from the aluminum ion sources. A key importance aspect of aluminum implantation in 4H-SiC is a one of the steps in photodiode technologies. A set of modelling and simulation techniques as well as the results concerning implantation into 4H-SiC and electrical characteristics have been presented. To achieve a required implantation profile in the SiC substrate it is needed to perform not a single, but series combination of single -called -implantation processes with different energies and fluences. Due to the above mentioned reasons as well as material and operation costs, software verification is very important as one of the steps in SiC and the other devices development and product engineering.
Simulation and modelling works presented in this paper have been performed using the SRIM and TCAD environments. Single implantation results are presented and compared with effects of the implantation with multiple ion energies and fluences. As discussed below, ion implantation process with multiple energies and fluences leads to achieve required profiles correlated with the results of electrical simulations of p−i−n junction.
Modelling of aluminum implantation
Silicon carbide wafers are more expensive in comparison to silicon ones. Therefore the computer assisted analysis of simulation results based on modelling is so important to reduce time and costs of technology development [8] [9] [10] . (225) Typical ion implantation processes are performed at room temperature, but high fluences of implanted ions (above 10 16 cm −2 ) result in high radiation damage hard to recover even under high temperature postimplantation annealing process (PIA). Higher temperature of implantation process varied within the range of 400
• C to 800
• C and high temperature PIA within the range of 1500-1800
• C reveal the way to resolve the above mentioned constraints and decrease degree of surface radiation damage. Most of the industrial and research implanters are not geared for implantations in this temperature range [11] [12] [13] [14] .
Therefore Al on implantation in SiC was also preceded by very detailed computer modelling and simulation by the well-known SRIM-2013 [15] and Silvaco TCAD EDA environment. Main goals of performed simulations were values of ion fluence and energy to obtain a required implantation profile, also as results of multiple ion implantation [4, 16] .
Main boundary conditions were the maximally flat (quasi flat, box-shape) implantation profiles. According to the theoretical knowledge, experimental measurement data and first simulation results it was assumed and confirmed that the minimum implantation energy should be around 55 keV and not exceed 250 keV. Such implantation processes with the above mentioned parameters prove to be reliable and possible to perform in the ion implanter -UNIMAS [17] . Series of dedicated simulations were performed for single and multiple implantation processes. To achieve a flat distribution of p-type dopant and a box-shaped profile, the multiple energy Al + ion implantation process was applied according to Table I . The total fluence was 7 × 10 14 cm −2 . To obtain the required implantation parameters (fluence, quasi-flat profile) it is necessary to perform the 4-stage multiple implantation process in the order from the maximum to the minimum implantation energy (Fig. 1) . The dopant profiles with the post-implantation annealing calculated by Silvaco TCAD are shown in Fig. 2 . The circular 4 mm photodiodes were fabricated by the multiple ion implantation process using the 4H-SiC substrate. 
Photodiode fabrication and characterization
Experimental investigations were carried out on the commercially available 4H-SiC wafers purchased from Cree Research Inc. The average micropipe density was below 7.97 cm −2 . The epitaxial structure is composed of two layers and it was grown on the n + -type, 3 inch diameter substrate with 0.021 Ω cm resistivity, 4
• off-axis. First, the field-stop of 0.5 µm thick layer was deposited with the n-type doping of 10 18 cm −3 . The second epilayer is 4.5 µm thick with the n-type doping of 1.52×10 16 cm −3
( Fig. 3) . The SiC wafers used for testing ion implantation processes were cleaned using the RCA procedure in order to remove organic and natural oxides. During the ion implantation process the SiC substrate was heated up to 500
• C. Implantation energies and fluences of Al + ions were selected based on SRIM 2013 simulation and modelling results.
One of the problems in ion implantation technology is activation of the p-type dopants if the acceptor concentration exceeds the solubility limit in SiC. Higher annealing temperatures and longer annealing times are required to produce device-quality p-type layers. The p−i−n device formed by the above mentioned specification of fabrication process was annealed in the high temperature post implantation annealing process for the purpose of SiC recrystallization and Al + ions activation. Annealing of implanted SiC needs to be performed in high-purity inert ambient gas like argon. High temperature annealing in ambient nitrogen produces nitride layers on the surface of SiC. The annealing processes were performed during 20 min process using epitaxy dedicated reactor under the pressure of 100 hPa at the temperature of 1600
• C in ambient argon. The electrodes in the n-type and p-type regions were formed by Ti/Al and Ti magnetron sputtering (lift-off technique). Both contacts were annealed simultaneously at 1050
• C for 5 min in argon. The junction is passivated with a SiO 2 layer. Dopant depth profiles were obtained using secondary ion mass spectroscopy -SIMS (Fig. 4) . Previously a similar technology with small devices with epitaxial [18] and implanted [19, 20] junction was applied. The small implantation junctions of 4H-SiC were used to build a dual-band photodetector [21, 22] . For sensing applications the term "large area" is defined to be larger than 1 mm 2 [23] . The device under investigation has a circle geometry with a diameter of 4.0 mm and it was located in the center of 1 cm 2 chip. The top contact electrode was designed as a fishnet pattern with open hexagon windows. The window width was 400 µm and the current collection electrode width was 54 µm. The structure of the SiC-based p−i−n device was mounted on the 1 inch diameter printed boards as shown in Fig. 5 , allowing them to be incorporated into the SM1 standard holders with the optoelectronic equip- ment. The selected technology and electrode topography are adequate for their intended use in the optoelectronic devices under development for intelligent classification of organic and biological fluids [24] [25] [26] [27] .
In order to investigate the diode quality, the electrical properties of the SiC-based p−i−n device were studied at room temperature. I−V characteristics were measured using KEITHLEY SMU 236. The dark current of this device was below 0.6 nA level at the reverse bias of 1 V. As shown in Fig. 6 , the dark current increased from 0.6 nA to 50 nA when the applied reverse bias increased from 1 to 10 V. For a circular diode of 4 mm diameter, the dark current density was 395 nA/cm 2 at -5 V. Capacitance measurements were performed using the precision Keysight B1500A analyzer. The reciprocal of the squared capacitance (1/C 2 ) for the reverse bias in the range of 0-10 V is shown in Fig. 7 . The linearity of 1/C 2 −V curve shows good uniformity of doping concentration within the active layer. 
Conclusions
Simulation results of Al implantation process using two different software tools are presented in this paper. SRIM is a typical simulator only for ion implantation, TCAD is a full technology simulator and its important advantage is the possibility of simulating other even full technological processes e.g. combined processes like diffusion with annealing after implantation (post-implantation annealing). The device has good rectifying I−V characteristics and the experimental reverse current density was found to be about 395 nA/cm 2 at -5 V at room temperature. All these results obtained using a large area detector compared to the similar p−n junction devices proposed in the literature make it the state of art among the UV light solid-state detectors currently available.
